radiation. Expression of active ␤-catenin enhanced selfrenewal preferentially in the Sca1 + cells, whereas suppressing ␤-catenin with a dominant negative, ␤-engrailed, decreased self-renewal of the Sca1 + cells. Understanding the radioresistance of progenitor cells may be an important factor in improving the treatment of cancer. The COMMA-D␤-geo cell line may provide a useful model to study the signaling pathways that control mammary progenitor cell regulation.
Introduction
Breast epithelium is capable of completely and functionally regenerating upon transplantation. This impressive renewal capacity has been ascribed to the function of a multipotent mammary gland stem/progenitor cell population that resides and persists throughout the mammary parenchyma. Elucidating the role of stem/progenitor cells in preneoplasia may be crucial to understanding the etiology of breast cancer, and may lead to better chemopreventative strategies. Mutations or epigenetic changes either in long-term stem cells or their immediate progeny, the transit amplifying multipotent progenitors, have been suggested to be the foundation of malignancy (Clarke and Fuller, 2006) . However, functional studies of progenitor cells in a preneoplastic model have not been explored.
In normal development, the Wnt pathway has been shown to be important in stem cell survival and maintenance in early embryogenesis (Wang and Wynshaw-Boris, 2004) , in maintaining the stem cell pool in the adult skin (Silva-Vargas et al., 2005) and intestinal epithelium (Pinto and Clevers, 2005b; Pinto et al., 2003) , and in regulating hematopoietic stem cells in their niche environment (Rattis et al., 2004) . Dysregulation of the Wnt/␤-catenin pathways in stem cell regulation has been proposed to be one of the signaling pathways responsible for carcinogenesis in the hematopoietic system, the intestine and the epidermis (Reya and Clevers, 2005) . Studies in chronic myelogenous leukemia indicate that the elevated levels of nuclear ␤-catenin exist in a minor population of progenitor cells, resulting in their enhanced capacity for self-renewal and increased leukemic potential (Jamieson et al., 2004) . Further evidence of dysregulation of stem/progenitor cell self-renewal and maintenance by the Wnt/␤-catenin pathway have been demonstrated in lung cancer, colorectal cancer and gastrointestinal cancer (Brabletz et al., 2005; He et al., 2005; Mishra et al., 2005; Reya and Clevers, 2005; Yardy and Brewster, 2005) .
Stem cell antigen 1 (Sca1), a marker of hematopoietic stem cells, is one of the putative markers used to isolate and enrich for mammary gland progenitors. Previous studies by our laboratory have demonstrated that primary mammary gland progenitor cells isolated by using Sca1 lack differentiation markers, are enriched in label-retaining, relatively quiescent cells, and have enhanced outgrowth activity compared to the Sca1 -cells . The COMMA-D ␤-geo (CD␤geo) cell line is an immortalized cell line isolated from the parent COMMA-D (CD), preneoplastic, mouse mammary cell line by both transfection and selection using a dominant-selectable gene transfer vector and by limiting dilution (Deugnier et al., 2006) . Recent studies by Deugnier et al. have demonstrated that the CD␤geo cells contain a permanent population of mouse mammary epithelial progenitor cells with basal characteristics, The COMMA-D␤-geo cell line has been shown to contain a permanent subpopulation of progenitor cells that are enriched in outgrowth potential. Using the COMMA-D␤-geo cell line as a model, we sought to study the radioresistance of mammary progenitor cells. Using the putative progenitor cell marker stem cell antigen 1 (Sca1), we were able to isolate a discrete subpopulation of Sca1 + multipotent cells from the immortalized COMMA-D␤-geo murine mammary cell line. At a clinically relevant dose, the Sca1 + cells were resistant to radiation (2 Gy). Sca1 + cells contained fewer ␥-H2AX + DNA damage foci following irradiation, displayed higher levels of endogenous ␤-catenin, and selectively upregulated survivin after which express putative stem cell markers such as stem cell antigen 1 (Sca1), CD24 and CD49f, among (Deugnier et al., 2006) .
Herein we report that CD ␤-geo cells contain a minor population of Sca1 + cells that are able to self-renew, and differentiate asymmetrically. In addition, we report that Sca1 + cells sustain less DNA damage as indicated by the formation of ␥-H2AX foci, contain higher levels of non-phosphorylated or active ␤-catenin, and are more resistant to radiation than Sca1 -cells. To date, this is the first report where functional studies of progenitor cells have been carried out in a preneoplastic model to explore mechanisms of therapeutic resistance in the mammary gland.
Results

COMMA-D ␤-geo Sca1
+ cells are capable of selfrenewal and expansion The CD␤geo cell line, originally isolated from the midpregnant mammary gland of BALB/c mice, has been shown to retain stem and multipotent progenitor cell characteristics (Danielson et al., 1984; Deugnier et al., 2006) . Because CD␤geo cells retain stem/progenitor cell properties in vivo, we sought to distinguish self-renewing cells from cells lacking this capacity. The CD␤geo cells are heterogeneous, containing Sca1 + and Sca1 -populations. Routinely 13-20% Sca1 + cells were observed in culture (Fig. 1a) . Clonogenic assays were used to determine the replicative competence of CD␤geo subpopulations. Sca1 + cells form 47-fold more colonies than Sca1 -cells (P<0.00002, Fig. 1b ). Consistent with these data, Deugnier et al. have shown that the Sca1 -cells are also unable to form attachments in Matrigel, or give rise to an organized spheroid structure (Deugnier et al., 2006) .
The hallmark of stem and multipotent progenitor cells is the ability to asymmetrically self-renew thereby maintaining the progenitor pool and giving rise to differentiated daughter cells. To examine whether CD␤geo cells were able to divide asymmetrically, cells were first sorted into Sca1 + and Sca1 -subpopulations. The original Sca1 + cells were able to give rise to both Sca1 + (75±4.2%) and Sca1 -cells (24±4.1%) (Fig. 1c) . By contrast, the Sca1 -cells were less bipotent, giving rise to predominantly Sca1 -cells (94±1.5%) and very few Sca1 + cells (6±1.45%) (Fig. 1d) .
CD␤geo cells can self-renew in suspension culture
To further explore the self-renewing potential of CD␤geo progenitor cells, we used the mammosphere in vitro selfrenewal assay described by Dontu et al. (Dontu et al., 2003) , which is based upon the hypothesis that progenitor cells are able to survive in anchorage-independent conditions. By retroviral tagging experiments, Dontu et al. showed previously that mammospheres are clonally derived, and not a result of aggregation (Dontu et al., 2003) . In addition, mammospheres are now known to comprise a heterogeneous population of cells, with multipotent mammary stem cells within the core, surrounded by progenitor cells in various stages of differentiation. To determine whether CD␤geo cells have mammosphere-forming ability, we plated ten thousand cells on low adherence plates in serum free medium supplemented with EGF and bFGF as growth stimulants. Approximately 0.1-0.6% of the CD␤geo cells were able to form mammospheres. Next we examined the expression patterns of putative stem cell markers in the secondary mammospheres, such as CD49f, TIE2, keratin 6 (K6), and epithelial-specific markers keratin 14 (K14) and keratin 18 (K18). In the secondary mammospheres examined, CD49f was expressed mainly in the center of the mammosphere (Fig. 2b) . K14 staining was also localized in the center of the mammosphere (Fig. 2d) . Both TIE2 and K6 were randomly distributed throughout the mammospheres (Fig.  2c ,e) and luminal K18 + cells were not detected (data not shown). In previous studies, CD49f has been associated with multi-potent mammary gland progenitors (Stingl et al., 2005) , TIE2 has been shown to identify quiescent hematopoietic stem cells and is thought to function by maintaining these cells in the bone marrow niche (Arai et al., 2004) . K6 is expressed within the body cells of the developing mammary terminal end buds, and overexpressed in Wnt1 murine mammary tumors together with Sca1 (Grimm et al., 2006; Li et al., 2003) . K14 is an epithelial-specific marker used to identify basal epithelial cells whereas K18 identifies luminal epithelial cells.
␤-catenin enhances self-renewal Studies using transgenic mice expressing Wnt1 or stabilized ␤-catenin, such as the MMTV-Wnt1 and MMTV-DN89␤-catenin, have indicated that hyperplasias and tumors rapidly develop and that they are enriched in cells expressing stem and/or progenitor markers (Imbert et al., 2001; Li et al., 2003) . Additional studies from our laboratory using a dominant negative chimera, ␤-engrailed, which specifically suppressed ␤-catenin signaling without affecting its cell-cell adhesion function, inhibited cell survival in lobuloalveolar progenitors (Tepera et al., 2003) . These studies suggested that ␤-catenin plays a critical role in stem or multipotent progenitor cell selfrenewal.
To determine whether there is any difference in selfrenewing efficiency between Sca + and Sca1 -subpopulations, and to examine whether ␤-catenin is required for self-renewal, we first transduced the CD␤geo cells with control (MSCV-IRES-GFP; murine stem cell virus -internal ribosomal entry site -green fluorescent protein), stabilized ␤-catenin (MSCV-␤-catenin-IRES-GFP), or the dominant-negative chimera, ␤-engrailed (MSCV-␤-engrailed-IRES-GFP), and then sorted into Sca1
+ and Sca1 -populations. Fig. 3 ). In addition, transduction with stabilized ␤-catenin enhanced Sca1 + mammosphere formation compared to the GFP control (GFP Sca1 + vs ␤-catenin Sca1 + , **P<0.008; Fig. 3 ), whereas ␤-engrailed decreased the number of mammospheres in both the Sca1 + and the Sca1 -populations. These data indicate that stabilized ␤-catenin selectively enhances the mammosphereforming capacity in the Sca1 + cells whereas the dominantnegative ␤-engrailed depletes the mammosphere-forming capacity.
Sca1
+ cells are resistant to clinically relevant doses of radiation To determine whether Sca1 + progenitor cells may be resistant to clinically relevant doses of radiation, we examined the replicative competence of CD␤geo progenitors after radiation and then compared the clonogenic potential of Sca1 + and Sca1 -cells. Clonogenic assays are classically used to demonstrate radioresistance, since cells that can form colonies after radiation are clearly still competent to reproduce and, therefore, represent a fraction of cells that persist and may lead , and keratin 6 (e, green. Bar, 50 m). All nuclei were counterstained with DAPI (blue). Radiation resistance of mammary progenitor cells to tumor recurrence (Pawlik and Keyomarsi, 2004) . Sca1 + and Sca1 -CD␤geo cells were sorted into 96-well plates containing growth-factor-reduced Matrigel at 500 cells per well. Plating efficiency (number of colonies/number of cells plated) for colony formation from Sca1 -cells was 0% whereas plating efficiency for colony formation from Sca1 + cells was 2-4% at 500-cell density (Fig. 4a) , therefore, Sca1 -cells were unable to form colonies. The Sca1 + fraction surviving after 2 Gy was >100% suggesting resistance and proliferation, although the colony size after 2 Gy was reduced by 33% (P<0.0001).
It is known that quiescent cells are more resistant to radiation than cycling cells. To determine if Sca1 + radioresistance is secondary to quiescence of these cells, cell cycle analysis of Sca1 + and Sca1 -subpopulations was performed using 7-AAD and pyronin Y, which stain DNA and RNA, respectively, to discriminate G0 from different stages within G1 as shown in previous studies (Schmid et al., 2000; Xin et al., 2005) . Although the presence of a minor quiescent subpopulation within either sample cannot be excluded by this method, there were no significant differences in the cell cycle profiles between Sca1 + and Sca1 -cells 24 hours following radiation. Both populations were actively cycling, and had cells in G0, G1 and S/G2/M (Fig. 4b) . Cellular proliferation was compared between the Sca1 + and Sca1 -cell populations using a MTT cell proliferation assay. Sca1 + cells demonstrated increased proliferation after irradiation at 2 and 4 Gy, over time in culture (*P<0.0001, **P<0.04, Fig. 4c ). The rate of apoptosis was similar between the two populations by using annexin V staining. There was also no significant difference in senescence between the Sca1 + and Sca1 -cells (data not shown). In addition, we examined the proliferation rates of Sca1 + and Sca1 -cells by generating growth curves over a period of 6 days. The CD␤geo cells were irradiated at 0 Gy (sham irradiation) and 4 Gy, then separated into Sca1 + and Sca1 -populations by FACS sorting. The cells were then plated at sub-confluent density, and cell number was determined every 48 hours. The Sca1 -cells showed decreased proliferation compared to the Sca1 + cells at 0 Gy. Following irradiation at 4 Gy, the Sca1 + cells showed a decrease in proliferation rate from 48 to 96 hours, but their proliferation was nearly identical to the control 0 Gy Sca1 + cells by 144 hours. By contrast, Sca1
-cells exhibited a much lower proliferation rate at 4 Gy through 144 hours. Following irradiation at 4 Gy, the Sca1 + cells exhibited a lag in proliferation as compared to the 0 Gy control Sca1 + cells, but recovered and matched the control Sca1 + cells at 144 hours. By contrast, following irradiation, the Sca1 -cells not only exhibited decreased proliferation following irradiation, but also by 144 hours had not recovered as had the 0 Gy control (Fig. 4d) .
To determine whether there are differences in radiationinduced DNA damage between the Sca1 + and Sca1 -cells, we examined DNA-damage foci using ␥-H2AX as a DNA-damage marker. Immunostaining of ␥-H2AX immediately following irradiation at 4 Gy showed that the Sca1 -cells contained more ␥-H2AX foci than the Sca1 + cells (Fig. 5a ). Quantification of ␥-H2AX foci confirmed that Sca1 -cells contained 60% more foci than the Sca1 + cells at 2 hours following irradiation (*P<0.0001, Fig. 5b ).
Alteration in ␤-catenin localization and upregulation of survivin expression following irradiation
To determine the impact of the Wnt/␤-catenin signaling pathway on radioresistance, we examined whether there is any intrinsic difference between the Sca1 + and Sca1 -cells. First we compared the level of ␤-catenin in these two subpopulations using an antibody specific for the non-phosphorylated (or active) form of ␤-catenin. Flow cytometry analysis revealed that the level of non-phosphorylated ␤-catenin in the Sca1 + cells differs significantly from that in the Sca1 -cells. The Sca1 + cells have an increased level of ␤-catenin over the IgG control whereas the Sca1 -cells have about the same level as the control (Fig. 6a) . Deconvolution microscopy revealed that non-phosphorylated ␤-catenin is mainly localized around the cell membrane in the Sca1 + cells, whereas it is difficult to detect ␤-catenin in the Sca1 -cells. Following irradiation at 4 Gy, the non-phosphorylated ␤-catenin is found mainly in and around the nucleus rather than around the cell membrane. It appears that Sca1 + and Sca1 -cells are intrinsically different with respect to the level of non-phosphorylated ␤-catenin. Interestingly, the localization of ␤-catenin was altered dramatically following irradiation in the Sca1 + cells (Fig. 6b ). Survivin, a bifunctional member of the inhibitor of apoptosis family, has been shown to be a direct target of TCF/␤-catenin signaling. In addition, studies in pancreatic cancer, brain tumors, as well as rectal cancer (Kami et al., 2004; Rodel et al., 2005; Zhen et al., 2005) , indicate that survivin may play a role in radioresistance. To determine whether survivin is differentially regulated in response to radiation, we examined survivin expression in both Sca1 + and Sca1 -cells using realtime PCR. CD␤geo cells were transduced with control (␤-galactosidase; ␤-gal), ␤-catenin (␤-cat), and ␤-engrailed (␤-eng), and FACS sorted into Sca1 + and Sca1 -populations. Radiation selectively enhanced survivin expression in Sca1 transduction with stabilized ␤-catenin significantly increased survivin expression (**P<0.03; Fig. 6c ). The survivin level increased further following irradiation in the ␤-catenintransduced cells (␤-cat Sca1 + , 0 Gy vs 2 Gy, ***P<0.04, Fig.  6c ). Interestingly, transduction with ␤-engrailed, the dominantnegative variant, did not decrease the basal level of survivin. However, radiation did not elevate survivin level in the ␤-engrailed-transduced cells.
Discussion
Deciphering the biological and molecular events in mammary preneoplasia will provide potential means of blocking Journal of Cell Science 120 (3) progression to malignancy. To date, studies using several immortalized cancer cell lines, including the human breast cell line MCF-7, have indicated that they contain a subpopulation of highly tumorigenic cells, which retain stem/progenitor-like properties (Kondo et al., 2004; Patrawala et al., 2005; Ponti et al., 2005) . However, functional studies of progenitor cells in a preneoplastic model have not been explored.
The parental COMMA-D cell line originally derived from primary mammary epithelial cells of mid-pregnant BALB/c mice was shown previously by transplantation into cleared fat pads of syngenic mice to result in outgrowths containing all of the epithelial cell types normally present in the mammary -populations. Sorted cells were stained with 7-AAD and pyronin Y to discriminate G0 from different stages within G1(see Materials and Methods). There is no obvious difference in the cell cycle profiles between the Sca1 + and Sca1 -population, at either 0 or 2 Gy. Cell cycle was analyzed using flow cytometry. Statistics were assessed on FlowJo version 4, Tree Star, Inc. (c) Significant differences in proliferation 144 hours following irradiation. MTT assay was performed on the sorted Sca1 + and Sca1 -cells after irradiation for 144 hours at 0 (sham), 2, 4 and 6 Gy. Following irradiation, the sorted cells were serum starved (0.1% adult bovine serum) for 48 hours, and then stimulated to proliferate with serum (5% adult bovine serum). See Materials and Methods for details. The bars indicate average OD (absorbance) and the error bars are the standard deviation of three replicate OD measurements within each group. There were statistically significant differences in growth rate between the Sca1 + and Sca1 -cells at 2 Gy and 4 Gy, *P<0.0001, **P<0.04, two-tailed t-test. (d) Growth properties of Sca1 + and Sca1 -cells at 0 and 4 Gy. Cells were directly sorted into 6-well plates at 50,000 cells per well, and the medium was replaced every 48 hours with fresh medium (plus 5% adult bovine serum). Cells were counted every 48 hours using a hemocytometer. The graph shows the growth curve of 0 Gy Sca1 + (blue), 0 Gy Sca1 -(red), 4 Gy Sca1 + (yellow), 4 Gy Sca1 -(green). Each data point represents the mean ± s.e.m. of three experiments in triplicate. The different cell culture conditions may account for the differences in the kinetics of recovery.
gland (Danielson et al., 1984) . Whereas the CD cell line is known to have mutations in both p53 alleles (Jerry et al., 1994) , the derivative CD␤geo cell line still provides a suitable model to study radioresistance of mammary progenitor cells for the following reason. These cells are unique in that they contain a permanent population of progenitor cells, and are able to give rise to outgrowths that contain both mammary-specific luminal and myoepithelial cell types. Furthermore, comparable results have been obtained in primary mammary epithelial cell progenitors with wild-type p53 (Woodward et al., 2007) . Recent studies by Deugnier et al. have clearly demonstrated that the CD␤geo cells contain a permanent population of mouse mammary epithelial progenitor cells with basal characteristics and that express putative stem cell markers such as Sca1, CD24 and CD49f, among others. CD␤geo cells at passage 18 were reported to generate 'normal appearing mammary outgrowth' upon in vivo transplantation, and appear to be more genomically stable than the CD cells.
It is somewhat surprising to find a subpopulation of progenitor cells that are Sca1 + within an immortalized mammary cell line. Similar to the findings of Deugnier et al. (Deugnier et al., 2006) , we observed a consistent subpopulation (13-20%) of Sca1 + cells within the CD␤geo cell line, which is comparable to previous data from our laboratory demonstrating a 15-20% Sca1 + subpopulation in primary mammary epithelial cells. Not only is the Sca1 + subpopulation from the primary mammary epithelial cells enriched in long term label-retaining cells and side population cells that efflux Hoechst dye, they are also enriched in transplant potential compared to the Sca1 -cells, suggesting that Sca1 is a marker of progenitor cells . By contrast, a recent report by Shackleton et al. has demonstrated that whereas they are able to isolate primitive mammary stem cells using CD49f/CD29, cells expressing high Sca1 are not enriched in CD49f/CD29 population. In addition, they found that the Sca1hi cells did not enrich for outgrowth frequency, whereas CD49f/CD29 + cells with increased outgrowth potential were Sca1lo and not Sca1 -. However, in our previous transplantation studies (Welm et al., 2002 ) the entire Sca1 + population was separated from the Sca1 -population by magnetic bead separation or using a Sca1 -EGFP knockout mouse and sorting for EGFP + and EGFP -cells. Thus, these two results are actually consistent and suggest that the Sca1 + population is heterogeneous and contains within it a subpopulation with increased outgrowth potential. A comparison between the percentage Sca1 found in our laboratory and these recent studies Stingl et al., 2006) indicates that the percentage Sca1 reported by Shackleton et al. is threefold higher than reported in our previous studies. It is probable that different cell preparation and FACS gating protocols may account for such a large discrepancy. These discrepant results may in fact represent differences in nomenclature, highlighting the importance of careful discussion and presentation of flow output and gates. Interestingly, Shackleton et al. report that Sca1 is not enriched in the CD49f/CD29 population. This again suggests that within the mammary gland, there could be a number of subpopulations of stem and/or progenitor cells, each with overlapping or distinct characteristics. Whereas CD49f/CD29 may represent a more primitive stem cell population, the Sca1 subpopulation may encompass a more committed progenitor population (Woodward et al., 2005) . In both cases, the majority of these cells are in S/G2/M and only a minority of these populations contain label-retaining cells, or LRCs, thus, additional markers will be required to identify the quiescent stem cell population. Furthermore, whereas these antigens are putative progenitor cell markers, there are no functional data suggesting that either CD49f or CD29 is necessary for stem cell fate. In fact, the CD49f mammary-specific knockout displayed no overt phenotype, whereas the CD29 conditional knockout exhibited only a limited lactation defect (Klinowska et al., 2001; Li et al., 2005) .
The mammosphere assay (free floating spherical aggregates with the potential to self-renew and to differentiate into all cell types of the mammary gland), analogous to neurospheres (Reynolds and Weiss, 1996) , is an assay for self-renewal, based on the idea that stem cells may survive in anchorageindependent conditions whereas differentiated cells need attachment to survive, and die by anoikis when they lose contact with extracellular matrix. Dontu et al. (Dontu et al., 2003) reported that when grown in conditions similar to neurospheres, four in 1000 cells isolated from a normal reduction mammoplasty survive in anchorage-independent conditions, and were able to form mammospheres with only Journal of Cell Science 120 (3) bFGF and EGF as growth stimuli. In addition, secondary and tertiary mammospheres have been shown to be more homogeneous and are further enriched in self-renewal capacity (Dontu et al., 2003) . We have observed that the CD␤geo cells display a similar ratio: approximately 1 out of 1000 CD␤geo cells gives rise to a mammosphere. Consistent with the idea that multipotent stem cells are within the core of the mammosphere, we have observed that CD49f is found in cells at the center. However, TIE2 and K6 expression appeared to be random, suggesting that perhaps these are not markers exclusively for putative stem cells, are associated with differentiated cells, and perhaps are staining for cells at various stages of differentiation. We have not observed significant mammosphere enrichment following secondary or tertiary passaging. Moreover, when we compared the self-renewal between the Sca1 + and Sca1 -subpopulations, the Sca1 + cells + and Sca1 -cells after 0 Gy (sham irradiation) and 4 Gy. ␤-catenin is visualized in green, and the nuclei are stained with DAPI (blue). Bars, 5 m. Images were captured by deconvolution microscopy using a Zeiss AxioVert S100 TV microscope and a DeltaVision restoration microscopy system (Applied Precision, Inc.). For high-resolution deconvolved images, captured raw images were deconvolved with the DeltaVision constrained iterative algorithm. (c) ␤-Catenin regulates survivin expression following irradiation. CD␤geo cells were transduced with control vector, ␤-catenin, or ␤-engrailed, and then irradiated at 0 or 2 Gy. Cells were harvested after 24 hours, FACS sorted into Sca1 + and Sca1 -subpopulations, and RT-PCR was performed using the ABI real-time PCR system. ␤-gal control Sca1 showed increased mammosphere-forming efficiency. Whereas overexpression of ␤-catenin increased the mammosphereforming efficiency further, depleting endogenous ␤-catenin by using the dominant negative chimera, ␤-engrailed, decreased mammosphere-forming efficiency dramatically, suggesting that ␤-catenin is required in the self-renewal process. This observation is consistent with a number of reports indicating that ␤-catenin is important in regulating stem/progenitor cell maintenance in the intestinal epithelium, in neurogenesis and in the cilliary margin of the eye, to list just a few examples (Inoue et al., 2005; Lie et al., 2005; Pinto and Clevers, 2005a) . Activation of the Wnt/␤-catenin pathway in Wnt1 transgenic mice induces an enrichment of side population progenitor cells both in vitro and in vivo (Liu et al., 2004) . In addition, caveolin-deficient mice have been reported to display an increase in progenitor cells, due to an indirect activation of the Wnt/␤-catenin pathway (Sotgia et al., 2005) .
It is widely accepted that radiation-induced cell death typically occurs via mitotic catastrophe during cell division rather than apoptosis. However, increasing evidence suggests that stem/progenitor cells evade cell death by a number of mechanisms, such as quiescence and drug-efflux conferred by expression of the ABC-family of membrane transporters (Dean et al., 2005) . The cell cycle profiles of the CD␤geo Sca1 + and Sca1 -cells suggest that the Sca1 + cells are not quiescent stem cells, but rather, are actively proliferating transit amplifying progenitor cells. In addition, the increased clonogenicity and proliferation potential of the Sca1 + cells suggest that these cells have enhanced ability to sustain radiation in contrast to the Sca1 -cells. Similar to our findings, using CD133 as a glioma tumor stem cell marker, recent studies by Bao et al. have demonstrated that, following irradiation, the tumor xenographs are enriched in CD133 + cells compared with CD133 -cells (Bao et al., 2006) . The CD133 + cells appear to repair DNA damage more efficiently than CD133 -cells, which may account for glioma radioresistance and could become the source of recurrence. Furthermore, preliminary studies indicate that radiation does not deplete the efficiency of mammosphere formation, suggesting that radiation at 2 Gy does not affect the selfrenewal capacity of Sca1 + CD␤geo cells at clinically relevant doses (S. L. Poplack and J.M.R., unpublished).
The differences in the levels of DNA damage as well as differences in proliferation following irradiation between the Sca1 + and Sca1 -cells may be due to in part to their intrinsic chromatin structure as well as the differences in the endogenous levels and the localization of ␤-catenin, which has been suggested to play a role in proliferation as well as DNA damage response. Studies in human breast cancer have shown that Wnt signaling triggers DNA damage response, followed by events that result in conversion of primary human mammary epithelial cells (Ayyanan et al., 2006) . In addition, studies in colorectal cancer have shown that PARP1, a DNA binding protein that plays a role in DNA repair, recombination and proliferation, binds to TCF/␤-catenin, and its expression tightly correlates with overexpression of ␤-catenin, c-myc, and cyclin D1 in colorectal cancers (Nosho et al., 2006) . Moreover, recent studies have suggested that ␤-catenin plays a critical role in histone modification and subsequent activation of proliferation-associated genes by binding to TRRAP/TIP60 and SET1 type chromatin modifying enzymes (Sierra et al., 2006) . Taken together, these studies suggest that ␤-catenin plays a key role in regulating DNA damage repair and proliferation, preferentially in the Sca1 + cells. Conversely Sca1 -cells, which express a markedly decreased level of active ␤-catenin, do not show the same level of proliferation following irradiation.
The increased radioresistance observed in the CD␤geo Sca1 + cells may be conferred also in part, by elevated levels of survivin, a direct target of ␤-catenin/Tcf signaling. Survivin was shown to be strongly expressed in human and mouse embryonic intestinal crypts, whereas its expression was absent in Tcf-4 knockout animals (Kim et al., 2003) . Expression of non-destructible ␤-catenin mutant increased survivin expression and protected colorectal cancer cells against UVinduced apoptosis, suggesting that Tcf/␤-catenin-mediated expression of survivin imparts a stem cell-like phenotype to colonic crypt epithelium coupling enhanced cell proliferation with resistance to apoptosis. The selective increase in survivin expression level in Sca1 + cells expressing ␤-catenin suggests that survivin may be a mechanism regulated in part by the Wnt/␤-catenin pathway, which increases radioresistance in the progenitor cells. Moreover, since apoptosis is a minor component of radiation-induced cell death in solid tumors at low doses (Hall, 2000) , this finding potentially suggests a nonapoptosis related role for survivin in these cells. Indeed, such a role has recently been described in colon cancer cell lines where survivin was shown to assist cancer cells in escaping replicative senescence by enhancing telomerase activity (Endoh et al., 2005) . However, the lack of suppression in ␤-eng transduced cells suggests that survivin may be regulated in part by other pathways. Notably, the stress response NFkappaB pathway has been shown to regulate survivin expression. Kawakami et al. (Kawakami et al., 2005) have shown that inhibiting the NF-kappaB pathway resulted in suppression of survivin expression and caused apoptosis of Tax-expressing malignant CTLL-2 T-cells. Furthermore, recent studies by Vong et al. (Vong et al., 2005) provided evidence for the role of survivin in regulating mitosis via a differential ubiquitination mechanism.
This study demonstrates that the CD␤geo cell line maintains a population of self-renewing, asymmetrically dividing, progenitor cells. We were able to use the CD␤geo cells as a model to establish that the Wnt/␤-catenin pathway impacts self-renewal and proliferation of progenitor cells. Finally, we provided evidence for radioresistance of progenitor cells, and more importantly, that the Wnt/␤-catenin pathway enhances radioresistance. The data presented suggest that progenitor cell response to radiation can be specifically targeted. Immortalized cell lines such as CD␤geo that contain a subpopulation of multipotent progenitors may be useful initial preclinical models to identify targets for which a therapeutic window could be examined and novel targeted clinical therapies designed.
Materials and Methods
Antibodies
Anti-CD49f rat monoclonal antibody was obtained from BD Pharmingen Anti-TIE2 polyclonal antibody was obtained from Santa Cruz Biotechnologies Anti-K6 polyclonal antibody was obtained from Covance. Anti-K8 rat monoclonal antibody was obtained from Developmental Studies Hybridoma Bank, University of Iowa. Anti-non-phosphorylated ␤-catenin antibody, clone 8E4 and ␥-H2ax antibody were obtained from Upstate Cell Signaling Solutions (Charlottesville, VA).
Journal of Cell Science 120 (3) Immunofluorescence
Samples on glass slides: Samples were fixed with 4% paraformaldehyde in phosphate-buffered saline for 20 minutes, permeabilized with 5% Triton X-100 for 20 minutes, followed by a 1-hour blocking step in 20% goat serum/3% bovine serum albumin/0.1% Tween 20.
Paraffin-embedded sections: 3 m sections were deparaffinized in xylene, then rehydrated through a graded ethanol series. Immunostaining was performed after microwave antigen retrieval (20 minutes) in 10 mM sodium citrate and blocking in 20% bovine serum albumin in phosphate-buffered saline containing 0.1% Tween 20. Primary antibody staining was performed either for 1 hour at room temperature or overnight at 4°C. Immunofluorescence staining was detected with the appropriate secondary antibodies conjugated with Texas Red, Alexa Fluor 568, or Alexa Fluor 488 (Molecular Probes, Eugene, OR), performed at room temperature for 45 minutes. Nuclei were counter-stained with DAPI (Vector, Berlingame, CA) and coverslips were mounted with SlowFade Light Antifade Kit (Molecular Probes). Images were captured using a Zeiss CCD camera at 100ϫ magnification or captured by deconvolution microscopy using a Zeiss AxioVert S100 TV microscope and a DeltaVision restoration microscopy system (Applied Precision). For high-resolution deconvolved images, captured raw images were deconvolved with the DeltaVision constrained iterative algorithm. All images were digitally processed for presentation with Adobe Photoshop.
Cell line
COMMA-D ␤-geo cell line passages 21-27 was kindly provided by D. Medina at Baylor College of Medicine, Houston, TX. The cells are grown in DMEM/F12 (Invitrogen) at pH 7.6, with 2% adult bovine serum (Gemini Bioproducts, CA), 2.383 mg/ml Hepes (Invitrogen), 5 g/ml gentamycin (Sigma), 10 g/ml insulin (Invitrogen), and 5 ng/ml EGF (Invitrogen).
Retroviral transduction
Stabilized ␤-catenin (Montross et al., 2000) and ␤-engrailed constructs were cloned into the pS2 retroviral backbone [kindly provided by Aguilar-Cordova, Baylor College of Medicine, (Faustinella et al., 1994) ] as described by Tepera et al. (Tepera et al., 2003) . Stabilized ␤-catenin and ␤-engrailed were also cloned into the pMSCV-IRES-GFP retroviral backbone (kindly provided by Greg Hannon, Cold Spring Harbor, NY). Transduction procedures was performed as described by Tepera et al. (Tepera et al., 2003) . Briefly, 293T-packaging cells (ATCC) were transiently transfected with target constructs and pCL-Eco (Imgenex) using Fugene (Roche) according to the manufacturer's guidelines. Forty-eight hours after transfection (day 3), medium was collected from transfected 293T cells, filtered through a 0.22 mm syringe filter, and applied to CD␤geo cells in a 1:1 ratio (1 plate 293T to 1 plate CD␤geo). The cells were spun at 3,000 g in a Marathon 6K clinical centrifuge (Fisher Scientific) on a swinging platform rotor for 30 minutes. The retroviral supernatant was removed from CD␤geo cells and replaced with medium.
Flow cytometry
Samples were prepared for flow cytometry using anti-Sca1 antibody conjugated to FITC or PE (BD Pharmingen). Cells were incubated with Sca1 antibody for 15 minutes on ice, resuspended in HBSS+ [HBSS (Invitrogen), 2% fetal bovine serum (JRH Biosciences) and 100 mM Hepes (Invitrogen)], and filtered through a 45 m cell filter into polypropylene tubes containing 0.5 g/ml propidium iodide (Sigma) to exclude dead cells. Analysis and sorting were performed on a triple laser MoFlo (Cytomation, Fort Collins, CO). Data analysis was performed on FlowJo version 4, Tree Star.
Flow cytometry analysis for non-phosphorylated ␤-catenin
Cells were sorted directly onto glass slides (FisherBiotech ProbeOn Plus, Hampton, NH) at 500 cells each for immunofluorescence staining. For non-phosphorylated ␤-catenin flow cytometry analysis, cells were directly sorted into 5 ml polypropylene tubes (Falcon), and then fixed and permeabilized using BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA). Primary antibody was used at 1:200 dilution in 1ϫ Cytoperm at 4°C overnight, and Alexa Fluor 488-conjugated secondary antibody was used at 1:500, at room temperature for 30 minutes. Cells were washed and resuspended in 1ϫ Cytoperm, and strained through a 45-m filter before flow cytometry analysis.
Cell cycle analysis
Cell cycle analysis was performed according to the protocol described by Xin et al. (Xin et al., 2005) . Briefly, cells were resuspended in 0.5 ml of NASS buffer (0.15 M NaCl 5 mM sodium EDTA 0.5% BSA fraction V 0.1 M phosphate citrate buffer, pH 4.8) containing 0.02% saponin and 10 g/ml 7-aminoactinomycin D at room temperature for 20 minutes. Cells were washed with PBS and resuspended in NASS containing 0.02% saponin and 10 g/ml actinomycin D at 4°C for 5 minutes. Pyronin Y (0.5 l of 1 g/ml) diluted in distilled water was added, and samples were incubated at 4°C for 10 minutes before flow cytometry analysis.
Mammosphere assays
Mammosphere growth conditions were based on those of Dontu et al. (Dontu et al., 2003) . Briefly, 10,000-20,000 CD␤geo cells/well were grown in 6-well Ultra Low Attachment plates (Corning, NY) in serum free DMEM/F12 (Invitrogen) supplemented with 20 ng/ml bFGF (Invitrogen), 20 ng/ml EGF (Invitrogen) and B27 (Invitrogen). The cells were fed every 3-4 days, and passaged using 0.05% trypsin, 0.53 mM EDTA-4Na (Invitrogen). Following trypsin digestion, single cells from the primary mammospheres were plated at 1000 cells/well. After passage 2, the mammospheres were counted using a Leica dissecting scope. Two researchers counted colonies independently and the numbers were averaged. In preparation for immunofluorescence staining, mammospheres were cyto-spun onto glass coverslips, fixed for 15 minutes on ice in 4% paraformaldehyde, and stored in 70% ethanol. Otherwise, paraffin-embedded sections of mammospheres were sectioned at a thickness of 3 m.
Clonogenic assays
For clonogenic assays using sorted Sca1 + or Sca1 -cells, CD␤geo cells were sham irradiated or treated with 2 Gray (1 Gy=100 rads) approximately 1 hour prior to trypsinization. CD␤geo cells were trypsinized for 3 minutes, washed in HBSS+ and stained for 30 minutes with FITC-conjugated anti-Sca1-antibody (BD Pharmingen). Cells were sorted into 96-well plates (round-bottom, Costar) containing 10 l of growth factor reduced Matrigel (Discovery Labware) per well. Plates were prepared with Matrigel while on ice and kept on ice prior to sorting. After sorting, 50-100 l of CD␤geo medium was carefully added to each well. After 7-11 days, plates were fixed in glacial acetic acid and methanol (1:2; 10 minutes) and stained with Crystal Violet. Fixing and staining were performed with great care in order not to dislodge the Matrigel from the well. Crystal Violet was rinsed by adding water to wells overnight rather than repeat washings, to reduce perturbation of wells. Two researchers counted colonies independently and numbers were averaged.
MTT assay
CD␤geo cells were sorted by flow cytometry into Sca1 -and Sca1 + subpopulations as described previously. After sorting, the cells were irradiated at the indicated radiation intensity, 0, 2, 4 and 6 Gy followed by plating in 6-well plates at a density of 2500 cells per well in triplicates. Cells were serum-starved (0.1% adult bovine serum), and stimulated to proliferate in serum (5% adult bovine serum). The MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (Sigma Aldrich ® ) assay was performed at 24, 48 and 144 hours after serum starvation.
Growth curve
The relative proliferation between the CD␤geo Sca1 + and Sca1 -cells was examined by generating a growth curve. The CD␤geo cells were irradiated at 0 (sham) and 2 Gy followed by separation of the cells into Sca1 + and Sca1 -sub-populations by FACS sorting directly into 6-well plates at 50,000 cells per well. The cells were replenished with fresh medium containing 5% adult bovine serum every 48 hours. The cells were harvested by trypsinization every 48 hours, and the cell number was determined using a hemocytometer.
Real-time PCR
Survivin primer sequences: survivin for 5Јaagaactaccgcatcgccacc and survivin rev 5Ј agccagctccgccatt. Cells were harvested 24 hours after irradiation. SYBR green quantitative PCR was performed using Applied Biosystems ABI 7500 real-time PCR system.
